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DISLOCATION THEORY OF THE FATIGUE OF METALS
By E. 8. MacHLIN

SUMMARY

<} dislocation theory of fatigue failure for annealed solid
solutions 1s presented. On the basis of this theory, an equation
giring the dependence of the number of cycles for failure on the
stress, the temperature, the malerial parameters, and the fre-
quency tis derived for uniformly stressed specimens. The
equation is in quantitative agreement with the data. Inasmuch
as one malerial parameter 1s indicated to be temperafure-
dependent and its temperature dependence 1s unknown, it is
impossible to predict the temperature dependence of the number
of eyeles for failure. A predicted quantitative correlation be-
tween fatigue and creep was found to exist, which suggests the
practical possibility of obtaining fatigue data for annealed
solid solutions and elements from steady-state creep-rate data
for these materials. As a result of this tnrestigation, a modifica-
ton of the equation for the steady-siate creep rate preriously
developed on the basiz of the dislocation theory tis suggested.
Additional data are required to verify comgletely the dislocation
theory of fatigue.

INTRODUCTION

The failure of materials under an oscillating stress, the
maximum value of which is Iower than that required to cause
failure in a static tensile test, is termed ‘fatigue failure.”
This type of failure is the limiting factor in the design and the
operation of many rotating parts. In particular, fatigue
strength has become a limiting factor in the development of
the gas turbine for aircraft use. Turbine blades, for ex-
ample, have in many cases failed as a result of fatigue.

Two methods of eliminating the problem of fatigue failure
exist: (1} The design of the parts can be changed to minimize
the effect of oscillating stresses; and (2) the resistance to
fatigue failure of the materials used can be increased. A
phase of the second solution, based on obtaining an under-
standing of the fatigue phenomena, is discussed herein.

Although many experimental investigations of fatigue
have been made, few have been concerned with basie con-
siderations. The work of Gough and his collaborators
(references 1 and 2}, however, is outstanding in the field of
fundamental fatigue studies. This work has shown that
the phenomena of plastic deformation (slip) and fatigue are
closely related. Some theories have been reported (refer-
ences 3 and 4) that relate plastic deformation to fatigue
failure. Because these theories are not of a fundamental
nature, however, they have not yielded basic knowledge
of the physical properties of materials that affect fatigue.

With the development of the theory of dislocations, the

understanding of the phenomena of plastic deformation has
greatly advanced (references 5 to 8). Inasmuch as plastic
deformation and fatigue have been shown to be related, an
investigation of fatigue based on the theory of dislocations
was undertaken during 1947 and is presented herein. In
this investigation a physicel model, based on the dislocation
theory, was devised to account for crack growth. This
model was then used as a means of obtaining an equation
relating the number of cycles for failure to the appropriate
variables. The equation so obtained was then subjected to
various experimental checks. This investigation was part
of a program conducted at the NACA Cleveland laboratory
to evaluate the physical properties of heat-resisting alloys in
terms of physical constants that are easily measurable and
to make possible the synthesis of compositions and structures
of heat-resisting alloys better than those currently used.

SYMBOLS

The following symbols are used in this report:

a constant

¢ proportionality constant relating r, to ru/2

d; distance between atoms in slip direction, centimeters

erp  base of Napierian logarithmic system raised to power

in parentheses following exp
fraction, experimental value=0.374 (reference 8)
free energy of activation involved in generation of a
dislocation, ergs per molecule
Planck’s constant, 6.62X 10~ erg seconds
. heat of activation per molecule involved in generation
of a dislocation, ergs

k Boltzmann’s constant, 1.383X107'® ergs per molecule
per °K

L distance between imperfections in single crystal, of
order of 1 micron

M amount of crack growth per crack source necessary for
failure measured in units of number of interatomic
speacings . '

N number of cycles for failure

P period of eyele of stress, seconds

q stress-concentration factor

g eq

R;  rate of generation of positive or negative dislocations
at stress concentration of internal surface in erystal-
line material, number of dislocations per second

R, net rate of growth per crack, number of atomic spac-
ings per second
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AS, entropy of activation_per molecule involved in gen-
eration of dislocation, ergs per °K

T absolute temperature, °K

t time, seconds

uw shear rate, 1 per second

Uy antilog of intercept of plot of log %’ agdinst ¢ at =0
14 atomic volume, cubic centimeters

x ratio of d; to interplanar spacing of slip planes, (+/3/2
for face-centered and body-centered cubie lattices)

Y mathematical variable

é 2ot

a tensile stress, dynes per square centimeter

Om maximum (ensile or compressive stress of .cycle,
dynes per square centimeter .

T resolved shear stress, dynes per square centimeter

s average resolved shear stress in polycrystalline speci-
men operating for failure, dynes per square centi-
meter

T resolved shear stress due to internal source, dynes per

square centimeter

w  resolved maximum shear stress corresponding to o,
dynes per square centimeter .

s average shear stress at sources of dislocations, dynes
per square centimeter

2 frequency of cycles of stress apphcatlon 1 per second

CRACK MECHANISM

Fatigue failure is usually associated with the propagation
of a crack. This fatigue crack must be formed either as a
result of internal tensile stresses that exceed the temsile
strength of the material or from pre-existing submicroscopic
cracks that grow under the influence of the cyclic stress.
The assumption will be made that such submicroscopic
cracks do exist. It is probable that some of the sources of
stress concentrations in metals are in the form of submicro-
scopic cracks that occur at the boundaries of mosaic blocks
(reference 6).

A theory that would explain the growth of these submicro-
scopic cracks as a result of the continual reversal of stress
might provide a basis for the development of 2 quantitative
theory of fatigue. The analysis of the mechanism of crack
formation developed herein is based on the dislocation theory
discussed in references 5, 6, 8, and 9. A short résumé of the
dislocation theory follows:

A dislocation consists of a stable arrangement of atoms
such that, in a region of a few atomic distances, n+1 atoms
in the slip direction face © atoms across the slip plane. When
the n+-1 atoms are above the n atoms, the configuration is
called a positive dislocation; when the n+-1 atoms are below,
it is called a negative dislocation. The net result of a posi-
tive dislocation moving completely through a specimen from
left to right, or a negative dislocation moving completely
through the specimen from right to left, is a translation of
the material above the plane between the n+1 atoms and the
n atoms, with respect to the material below this plane, by
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one atomic distance to the right. If the positive dislocation
moves from right to left or the negative dislocation moves
from left to right, the opposite translation takes place.

rEdge of crack after

¢ partial franslation of
H lottice along sljp planes,

Shoprone B R
L Asgative
dislocotions
<-Pog/tive
olis/locatons

FiovrEe 1.—8ingle crack generating source of dislocations,

The most probable sources of gencration of dislocations
are stress concentrations. Such stress conceniraiions oceur
at the ends of cracks. For example, an cllipsoidal crack
shown in cross section in figure 1, has two points of stress
concentration (A and B in fig. 1), that exceed the siress
concentration at any other point along the crack circum-
ference (reference 10). Dislocations will usually be gen-
erated at these stress concentrations upon the application
of a shear stress.

In the development of a theory for the growth of sub-
mieroscopic cracks, an equation that was in agreement with
the available data was obtained by making certain assump-
tions about the physical model. Although eacli of these
assumptions may have a physical basis, such a basis was
not immediately evident. The development of the following
theory therefore presents these assumptions without any
attempt to justify them physically.

Cracks similar to the one diagrammaticelly shown in figure 1
are assumed to exist in such & manner that points A and B
act as sources of generation of dislocations. It is further
assumed that only positive dislocations can be gencraled
at point A and only negauve dislocations can be generated
at point B. If the line joining A and B is at 2 small angle to
the slip plane, if the generated positive dislocations move Lo
the right at point A and if the generated negative dislecations
move to. the left at point B as a result of the given shear siress,
the erack will grow. An intermediate position of the right
side of the crack after the crack has grown to some extent is
shown by the dashed line in figure 1.

If all the dislocations that were generated at A and B
during one half-cycle of stress had returned to their respective
gources_during the next half-cycle of stress, the crack would
not have grown at the end of a complete cyele of reversed
stressing. In order for the crack to grow, some of the dis-
locations generated at the crack sources during the growth
part of the stress cycle therefore must either disappear from
the specimen or reach a point from which their return to
the source is prevented. No dislocations generated at A
and B in the second half-cycle of stress can enter the crystal
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lattice because, according to the assumption, only positive
dislocations are generated at A, only negative dislocations
are generated at B, and the applied stress during this half-
eycle of stress would make any dislocations generated at
these' sources return to their respective sources. This
assumption does not mean, however, that other sources, at
which none of the dislocations there generated move into the
crystal lattice during the first half-cycle, will not generate
dislocations that move into the crystal lattice in the last
half-eycle.

If one submicroscopic crack were to account for the failure
of a macroscopic specimen, it is probable that more than the
observed amount of plastic flow would have to occur. If
failure were to occur as the result of the growth of submiero-
seopic cracks, it would evidently take place because many
cracks contribute to the failure. A simple configuration of
cracks of the type illustrated in figure 1 that can lead to
fatigue failure with little plastic flow is shown in figure 2(a).

T Gperating shear efress_-—/_

B D /C:'_.—::/ A
-_./\_CL_ A —-—— Qoerating skp planes

(a)

o)

(a) Leading to fatigue faflure.
(b} Leading to growth of cracks after partial slip has occarred.

FIGCRE 2.—Submicroscople-crack configuration.

This configuration, after all the cracks have grown to a
certain extent, would appear as shown im_figure 2(b). In
order that the ecracks in this configuration may grow, the
assumption becomes necessary, as before, that at points A
only positive dislocations are generated and at points B only
negative dislocations are generated. The result of positive
dislocations moving to the left and negative dislocations
simultaneously moving to the right during a cycle of stress
favorable for this motion is that relative translations of the
lattice occur that yield larger cracks than existed prior to
the translations. Inasmuch as these dislocations disappeared
from the lattice at points C and D in figure 2(a}, the applica-
tion of a stress opposite to the previous stress would not cause
any relative translations of the lattice between the regions
separated by the ship planes A-C and B-D, unless positive
and negative dislocations were generated at C and D, re-
spectively. No dislocations are assumed to be generated at
points C and D. Each crack in the configuration will there-
fore grow as long as positive dislocations generated at A
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and negative dislocations generated at B disappear from the
lattice at C and D, respectively.

Ih the foregoing discussion, each crack was assumed to
extend completely through the specimen in the direction
perpendicular to the plane of the figure. Because the cracks
were assumed to exist in the mosaic-block boundaries, it
seems probable, however, that the crack width in the direc-
tion considered is not more than a few mosaic-block lengths,
that is, about 107* centimeters. In order to account for the
growth of short cracks, it thus becomes necessary to assume
that such short dislocations may exist and that relative slip
between mosaic blocks may easily occur. Seitz and Read
in considering the phenomenas of slip with respeet to dis-
locations found that these assumptions would help explain
the experimental slip phenomena (reference 6, pt. II).

One of the consequences of the crack-growth mechanism
just described is that the cracks will begin to grow along slip
planes. This phenomenon has been observed by a number of
experimenters (for example, references 2 and 11) on poly-
crystalline as well as single-crystal specimens. It was noticed
that failure began to occur along the slip plane and then
proceeded in the direction normal to the maximum tensile
stress.

NUMBER OF CYCLES FOR FAILURE

The general equation for the rate of generation of disloca-
tions R, of one type at a siress concentration of an internal
surface in a crystalline materiel is given in reference 8. The

equation, for large values of 2911.7%’ can be written as

R‘—T exp ( AF 2T——Q.D#T (1)
The net rate of growth per crack R, is the rate of genera-
tion of dislocations during the growth cyecle:

T 2qV-
R,=R.=" e:cp( L RN L @
The stress at a generating source may consist of the applied
stress and any internal stress that may be present. As a
result,
Te=gr=q(Tn si0 8-+ 13) @)

If it is assumed that the amount of crack growth per crack
source required for failure )/ is a constant for all specimens
and materials and that the stress-concentration values are
the same for every crack associated with failure and do not
change with the number of cycles of stressing, the depend-
ence of the number of eycles for failure on the maximum
resolved shear stress in the slip plane and direction con-
sidered is

P
M=N 0* R, dt @
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because R, is independent of N. Substituting for R, in equa-

e ()]

For annealed metals, the internal stress r, is approximately
zero. Thus,

<2gV@‘r &)

=1y SiD 8

Changing the variable of integration in equation (5) yields

N2 e (FE)] o (52 0

The expression logaj;r exp (ay sin 6) d6 can be approxi-

mated for large values of ay by the product ay, as shown
in appendix A. When this approximation is used in equation
(6) and equation (6) is solved for Iog N

In order to apply equation (7) to polyerystalline speci-
mens, some assumptions must be made concerning the
method of fatigue failure of polycrystals. The orientations
of the crystals comprising the fatigue-failed regions of a
polycrystal are probably random. The maximum resolved
maximum shear stress, if each of these crystals was con-
sidered apart from the others, would therefore vary from
some minimum (not zero for face-centered cubic or body-
centered cubic lattices) to the maximum ¢,./2. Inasmuch
as these crystals are not separated by stress-free regions,
internal stresses would be set up between the differently
oriented crystals. As a result, steady-state slip would oeccur
at some stress intermediate to the minimum and maximum
value of the maximum resolved maximum shear stress. The
value of this average resolved shear stress should then be
substituted in equation (7) for polycrystalline specimens.
If the average resolved shear stress is related to the maximum

resolved shear stress by the equation r,=¢ 6—2’“ and if q’-=cg,
then,

oo (e

Equation (8) applies only for stresses sufficiently above the
endurance limit (where the log N varies linearly with o)
because the conditions that determine the endurance limit
have not been considered in the development of the theory.
Also, because the assumption was made that o, is constant
over the cross section of the specimen, equation (8) will
apply to axial-stress-type loading only. 'The cases of bending-
type stresses and torsional stresses are theoretically
capable of being treated in a manner similar to the case of
uniform axial stress; however, no attempt has been made to
evaluate equations of the same type as equation (8) for these
cases.
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According to equation (8), the intercept of the straight line
obtained by plotting log IV against o, at 64=0 is cqual to

2xwhM AF,
( ToakT

If all the parameters in this expression are known, it should be
possible to obtain a calculated value of the intercept Lo com-
pare with the experimental value. The parametoers w and T
are known from the experimental conditions. The param-
eter A is of the order of magnitude of a mosaiec block
length, measured in units of interatomic spacings, that is,
about 10%. The parameters k and 4 are known constanis.
The only factor that remains to be determined is AF,.
A method of calculating AF, by using creep data is pre-
sented. in reference 8. As shown in appendix B, however,
AFy cannot be completely determined from crecp dala
because an assumption made in reference 8 is incorree(. The
enalysis presented in appendix B does indicate, however,
that a set of fatigue and creep data for the same material
can be used to calculate a value of the unknown factor, If
the value of this factor is assumed to be independent of the
material variable, it can be used to help calculate values of
AF, using creep data. A table of such caleulated values
using data for copper (fig. 3(a)) to evaluate the unknown
factor is presented in appendix B.
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FIaTEE 3.—Variation of stress with number of cycles for faflure at room temperature.
Frequency, 2200 cycles per minute. (Data taken from reference 12.)
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A check of equation (8} can be made by comparing the
experimental value of the intercept of the straight line
obtained by plotting log A against o, with the velue obtained
from calculation using the term derived from equation (8}.
Data for Armco iron, obtained from reference 12 and plotted
in figure 3(b), can be used to make the suggested comparison
of experimental and calculated values of the intercept being
considered. The experimental value of the intercept deter-
mined by extrapolating the best straight line through the
points of figure 3(b) is equal to 22. The approximate
uncertainty in this value is +2. The caleulated value is

()mﬁ_u> +0 aF T_log (

2.92X107%
2.31.38X10-16<X 300

_rnggoxs 62X10- 27><10*)
13810300 +

=242

where w=2200 cycles per minute and 7=300° K, as given by
reference 12, The agreement between the predicted value
of 24.2 and the observed value of 2212 tends to verify
equation (8).

An additional check of the validity of equation (8) could
be made if the value of the stress-concentration factor ¢
were known. Because the value of ¢ is unknown, the experi-
mental value of the slope of the linear portion of the plot of
log .V against ¢, can be used to obtain a value of ¢’. This
calculation is

;2.3 kT X (experimental slope, sq cm/dynes)
= VXzXf

1
2.3X(1.38X 300X 1074 ( 755X 2240X6.9% 10‘)
17X 10-%X1.23%0.374

=152

A similar procedure was followed to obtain a value of ¢’
for annealed copper using the line shown in figure 3(a) to
define the slope. A value of ¢’=164 was obtained.

The fatigue theory can be further experimentally checked.
If equation (8) is solved for the parameter Ve, the following
equation is obtained:

Von=U-+WAF, (9)
where
_T_ 3 kT ) [1 (2rwhﬂ[)_log N:l
I 1#

Data to check equation (9) were obtained from a number
of sources. The details concerning the sources and precision
of data for AF, are contained in appendix B.

Because the data for the value of o that corresponds to
failure in 3.3X10° eycles were difficult to obtain accurately,
the following table lists, wherever possible, a number of
sources for a given materiel:

Material om, dynes'’sq ecm Reference
...................................... 3.5X100 13
Copmer & 1

[} o5 SR

ppe 8.66 15
Armco fron__. 1L.74X108 12
1.90 16
Nlckel e 206 17
298 13

sData obtalned from experiment applglng torsio nal stresses to & single crystal. Becauss
the corrections Involved are in opposite directions, the value given Is a falr approximation.

Inasmuch as different sources yielded different values of
the stress corresponding to a certain number of eycles for
failure for a given material and because the values of AF,
were obtained by extrapolation, the data were plotted as
regions of approximately equal probability corresponding to
each material. The deata are therefore plotted as rectangles
or lines in figure 4. The data in this figure correspond to
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FigtREe 4.—Dependence of stress corresponding to Iaflure~p 3.3XI10¢ cycles on material
parameters at room tempersture. N

I8 40x102

R e b
failure in approximately 3.3X10% cyecles; the frequeney_
used to calculate L7 is 2200 cycles per minute; the tempera-
ture is 300° K.

The theoretical curve.corresponding to these data is, ac-
cording to equation (9), a straight line of slope W™ and inter-
cept U. The value of ¢’ was considered to be 164, as pre-
viously found for annealed copper. Because all the other
factors involved in the calculation of, 7 and W are known,
caleulation of the theoretical values of I” and TF is possible.
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The calculated values of U and W are —157X107'% ergs
per molecule and 0.0132, respectively. The theoretical curve
corresponding to these values of U and W is plotted as the
straight line in figure 4; the theoretical line is in agreement
with the data. Figure 4 represents a correlation between
creep and fatigue, inasmuch as the ordinate is a parameter
determined from fatigue data and the abscissa is & parameter
determined from creep data.

Two other independent checks of the theory are possible:
The first is & check of the temperature dependence of the
number of cycles for failure; the second is based on the de-
pendence of the number of cycles for failure on frequency.

The assumption is made that ¢ is independent of temper-

ature. If equation (8) is solved for o, the following equation
is obfained:
on=A+B(C—log T T (10}
where
AH,
A=V
_ 2.3k
B=gvar

2rwhlk AS,
o=tog (Tiy~ )~z3t

Data for Armco iron obtained from reference 16 are shown
in figure 5. A cross plot of these data (temperatures in °K)
is shown in figure 6, which also gives the theoretical curve
corresponding to this experimental plot. Data used to
compute the theoretical values were obtained as follows:
Values of AH,/V correspond to values of AfV from figure 6
of reference 8; values of AS, were taken from the values
listed in the table given on page 16 of reference 8, corrected
to account for the factor determined in appendix B; the
value of ¢’ was taken as 164; the frequency « was taken as
40 cycles per second, as reported in reference 16.
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MNumber of cycles for fdilure, N

Fraure 5~Temperature dependence of carve for ¢ plotted against N for Armeo iron.
(Dats taken from reference 16.)
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A study of figure 6 indicates that the theoretical curve
yields too small a temperature variation of ¢n. Therefore,
equation (10) apparently does nof agree with the experimental
data. Two explanations of these results are possible. The
first explanation is that the data may be in error.  The largo
scatter for the data corresponding to 500° C, as shown in
figure 5, indicates that this explanation may be true. Fur-
thermore, meaningful temperature studies on dircct-siress
specimens are difficult to perform because the specimen may
easily become misalined, owing to the use of long specimen
holders. The misalinement may then be a funetion of
temperature and yield an apparent temperature effect, as
shown in figure 6.

The second and more probable explanation is that the
stress cancentrations associated with the eracks in the mosaie-
block boundaries are temperature-dependent and, hence, the
assumption made in plotting the theoretical curve in figure
6 is not valid. In this case, predicting the temperature
dependence of ¢, becomes difficult inasmuch as no apparent
basis exists for determining the dependence of the sirvess-
concentration factor on temperature.

A final check of the dislocation theory of fatigue can ho
obtained by determining whether the dependence of the
number of cycles for failure on the frequency, as given by
equation (8), is experimentally obtuined. Equation (8) also
indicates that log N would be linearly related to log w
&t constant maximum stress and temperature. The experi-
ments reported in reference 18 yield results that qualitalively
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FiUrE 6.—Tamperature dependence of stress corresponding to fallure In 10¢ cycles for
Armoo jron.
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verify the prediction. In reference 18, direct-stress experi-
ments performed at 7000 cycles per minute required a
greater number of cycles for failure than tests at 1200 cycles
per minute. The tests at 1200 cycles per minute, however,
were performed on a different type machine than the tests at
7000 cycles per minute; therefore, the results would not be
expected to agree quantitatively. The increase in log N was
nevertheless sufficiently large that it is improbable that the
difference in machines could be solely responsible for the
effect noticed. Reference 19 indicates that no frequency
effect occurs at low values of frequency. An examination of
the data, however, reveals that more date would be required
in order to be able to draw any conclusion concerning this
effect.

EVALUATION OF RESULTS

Sufficient data to verify equation (8) completely are un-
available. Inssmuch as this equation is in quantitative
agreement with available data, further experimentation
designed to verify the dislocation theory of fatigue is justified.

The theory was developed for annealed elements or solid
solutions; the data used to check the theory were obtained
only from annealed elements. It seems reasonable, however,
that deta for annealed solid solutions would also be in
agreement with the theory.

It is improbable that equation (8) would apply to the case
of precipitation-hardened or strain-hardened materials be-
cause certain modifications, such as the introduction of an
internal-stress term, would be necessary. This subject is
sufficiently complex to justify an independent investigation.

The uncertainty in the date appears sufficiently large to
allow reasonable doubt in the constancy of the stress-
concentration factor ¢ for all annesled elements and solid so-
lutions. The possibility exists thet an experimental plot of
¢ Vou against AF, would also be linear; however, the data
are insufficient to resolve this question.

The number of cycles for failure at some given stress and
temperature have been experimentally observed to follow a
statistical distribution (reference 20)}. An explanation of this
phenomenon on the basis of equation (8} would probably
require that one or more of the following factors, .M/, AF,, and
g assume a range of values for a given material. It seems
reasonable that the factors 3£ and ¢ may vary from specimen
to specimen inasmuch as these quantities are probably de-
pendent on manufacturing variables such as casting, drawing,
and heat-treating. On the basis of the dislocation theory,
accounting for the scatter of data normally obtained in
fatigue tests is thus possible.

In figure 4, which helps substantiate equation (8), a corre-
lation between fatigue and creep is established as predicted
by the theory and fatigue failure is proved to depend on
plastic deformation. Yith the assumption of a constant value
of g at room temperature, the prediction of fatigue data from
a knowledge of creep data for annesled elements and solid
solutions is made possible for practical purposes.

Narroxar Apvisory COMMITTEE FOR AERONAUTICS,
Fricer ProrrLsioxn REsEarRcH LABORATORY,
CrEvVELAND, Om0, September 12, 1947.



APPENDIX A
EVALUATION OF DEFINITE INTEGRAL

The definite integral
j;'exp (ay sin'6) do

was evaluated for a series of values of ey by numerical in-
tegration. The value of ¢ was set equal to 10.56X107% to
correspond approximately to the expected values of the
physical quantity it represented. A plot of the log of the
integral against ¥ is shown in figure 7. For velues of y >10%,
the equation of the curve is "

logﬁfexp (10.56< 1073y sin 6) do==by

where b is the slope of the line in figure 7, 4.44X1078. As
a result,

log.f'ex«p (10.56X 10"y sin 6) df=r10.22yX 108
]
or

log,ﬁ'ea:p (ay sin 0) df=ay
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APPENDIX B

EVALUATION OF AF,

The equation

% —10'* e:r ( AF, ?g?f_r)
obtained from reference 8 was first used to calculate values of
AF, from steady-state creep-rate data. This calculation was
accomplished by plotting log u’ against o, setting the experi-
mental value of the intercept at =0 equel to

( -i—i—log'l—}fi1 TAF

and solving for AF, because- all the other parameters are
known in the expression for the intercept. When these
values of AF, were used to caleulate the intercepts of the
curves of log V plotted against ¢ and Vo, plotted against
AF,, the calculsted intercepts were found to exceed the
experimental intercepts by a factor that varied between
1X107%® to 3X10™" ergs per molecule in the value of AF,.
In attempting to find an explanation for this discrepancy,
an assumption made in reference 8 regarding the value and
constancy of the quantity 10~* in the preceding equation
was found to be erroneous. The value of 10~* was used as
an approximation for d,/L. In the derivation of the fore-
going equation, the value of 10~* was based on an assumption
that one source of generation of dislocations exists per
mosaic block. Thus, according to this assumption, the

strain due to the passage of one dislocation through a mosaic

3X10°8

block is f—: &0 =~10"%. Evidence exists, however, for

single crystals, which indicates that the spacings between
slip planes may be many multiples greater than 31071
For example, figure 8, which was taken from reference 21,
indicates that the spacing may be as large as 0.3 centimeter
and figure 9 indicates that 1/L (number of slip planes/cm)
may vary between 0 and 7500. Thus, the assumption that
L is a constant for polycrystals of magnitude 3X10~* is
probably incorrect. It remains to be shown, however, how
L may be calculated.

Temperafure

¢}

Fi6URE 8.—Pure aluminum sample elongated at different temperatures by application of
stress. Most of plastic flow occurs along slip bands. Not etched. X185 (Tsken from
fig. 14 of reference 21.)

Without & physical model of the mechanism of strain in a
polyerystal, it seems that the simplest assumption is to leave
the factor d;/L as an unknown constant 10¢. The factor
can then be determined from a set of fatigue and creep data
for the same material as follows: From equation (8), it is
evident that the intercept of the straight line obtained by
plotting log iV against o4 at ax=0is

Tog ("rwhl[) +2_H"

The data for annealed copper shown in figure 3(a) were used
in this ealculation. The data for dry purified air were used
to locate the slope of the line taken through the points for
the determinations in vacuum. The intercept of this line

&g
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8
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-

300 o

/
200 g /‘/
100 fA
/
o j/ / 2 3 4 5
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FIcURE 9.—Stress dependence of number of slip planes per millimeter. (Taken from fg. 24
of reference 26.) 101
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was found to equal approximately 15. Hence,
l: (2T><2§—g°><6.62><10—=7><10‘) :l
AF=| 15—log T 38X 10-%%300 2.3X
1.383< 10183300 ' .

=2.01107* ergs/molecule
where w=2200 cycles per minute and 7'=300° K, as given
by reference 12.

From the creep equation,

it is apparent that the intercept log #%. of the straight line
obtained by plotting log %’ against r at r=0is

log %=C+log If’?—z—A?,F};—‘T

An estimate of log u; at 300° K can be obtained from data
given at other temperatures by plotting (T log %) against

':11',: because AF, is linearly dependent on 7, and by extrapo-

lating the best straight line thus obtained to T=300° K.
From the deta of references 22 and 23, an average value of
—15 was obtained for log 4%;. When this value was substi-
tuted for log #; and AF;=2.01X10"" in the preceding equa-
tion, solving for € yielded

C=—6.7

For the purpose of obtaining values of AF, from creep data
for other materials, C was assumed to be a constant. When
this value of C was used, values of AF, were obtained from
creep data and are given in the following table together with
a list of the sources of the respective data:

Material AF,, ergsfmolecule Reference
1, 87-1. 701013 21,24
1.85-2.28 21
L94-2.12 22,23
2.74-8. 09 25
8.13-3.68 21
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